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Chemical shifts, , of ‘H’ ion in ionic crystals evaluated by 1H nuclear magnetic resonance (NMR) frequently 
exhibit values typically attributed to ‘H+’ To resolve this problem, the link between geometrical structure and 
chemical shift of H ions have been systematically studied. Ca- and Sr-mayenite with chemical formula of 
[Ca24Al28O64]4+·2X2 and [Sr24Al28O64]4+·2X2 were employed as model materials. Their cubic lattice have 
specific site constructed by ‘cage’, which is partially occupied by monovalent or divalent guest anions including 
(X2 =) 2F, 2Cl, 2OH, O2, O22, 2O2, 2O, or 2H (Fig. 1). By severe reducing chemical treatment, electron 
(e) is also incorporated in the cage with a similar manner with the guest anions, and contributes to an electronic 
conductivity in mayenite. For 1H-NMR study, it is convenient that both H+ (as OH ion) and H ion can be placed 
in same environments with slightly different sizes.  
Experimentally collected chemical shift data were found to change systematically with the distance, dM-H, 
between hydrogen and coordinating electropositive cation, and the distance, dO-H…O, between OH ion and 
hydrogen-bonded oxygen. These dependency were reproduced by ab initio approach. It was also found that the 
electron density near the hydrogen nucleus in an OH ion (formally H+ state) exceeds that in an H– ion. This 
behavior is the opposite to that expected from formal valences, and can explain the mystery of NMR chemical 
shifts. The relationship of  (ppm) = 0.070 dM-H (pm)  11.5 (Eq. 1) was established by the present study, and is 
useful for resolving H– species that are masked by various states of H+ ions, like the example of apatite 
described below.  
The chemical formula of apatite is [Ca10(PO4)6]2+·2Y2, where Y2 indicates guest anions incorporated in 
‘channel’ of (pseudo-)hexagonal lattice of apatites. These anions include 2F, 2Cl, 2Br, 2OH, CO32, and O2; 
most of them are common with the X2 anions for mayenite (Fig. 1). Thus is it expected that H is also formed in 
the channel by certain chemical treatment. Indeed, we found that solid-state chemical reduction using TiH2 
dopes H ions into apatite. Practically, various types of O-H groups including OH ions in the channel and 
protons bound to phosphate groups were concurrently formed. However one-to-one assignment of each O-H 
species by considering the relationship between O-H stretching frequency and 1H chemical shift enabled us to 
find an H signal at the chemical shift predicted by Eq. 1. 
Irradiation of the H ion-doped apatite with ultraviolet (UV) light induces green coloration. Electron paramagnetic 
resonance (EPR) reveals that this color center is attributed to electrons captured at a vacant anion site in the 
channel, forming F+ centers. Transient H0 atoms are detected at low temperatures by EPR. The concentration of 
UV-induced electrons in the apatite at room temperature decays with second-order kinetics because of chemical 
reactions involving two electrons; overall, electron generation and thermal decay can be described as: H + O2 
 2e + OH. These intra-lattice chemical reactions are identical to that in mayenite. Only the difference is 




[1] K. Hayashi, P. V. Sushko, Y. Hashimoto, A. L. Shluger, 
H. Hosono, “Hydride Ions in Oxide Hosts Hidden by 
Hydroxide Ions”, Nat. Commun. 4515  (2014); 
doi:10.1038/ncomms4515 
[2] K. Hayashi, H. Hosono, “Green Apatite: Hydride Ion, 
Electron and Their Interconversion in the Crystallographic 





Figure 1– Apatite vs. mayenite and guest anions. 
